It has been reported that some small noncoding RNAs are involved in the regulation of insulin sensitivity. However, whether long noncoding RNAs also participate in the regulation of insulin sensitivity is still largely unknown. We identified and characterized a long noncoding RNA, regulator of insulin sensitivity and autophagy (Risa), which is a poly(A) + cytoplasmic RNA. Overexpression of Risa in mouse primary hepatocytes or C2C12 myotubes attenuated insulin-stimulated phosphorylation of insulin receptor, Akt, and Gsk3b, and knockdown of Risa alleviated insulin resistance. Further studies showed that overexpression of Risa in hepatocytes or myotubes decreased autophagy, and knockdown of Risa up-regulated autophagy. Moreover, knockdown of Atg7 or -5 significantly inhibited the effect of knockdown of Risa on insulin resistance, suggesting that knockdown of Risa alleviated insulin resistance via enhancing autophagy. In addition, tail vein injection of adenovirus to knock down Risa enhanced insulin sensitivity and hepatic autophagy in both C57BL/6 and ob/ob mice. Taken together, the data demonstrate that Risa regulates insulin sensitivity by affecting autophagy and suggest that Risa is a potential target for treating insulin-resistance-related diseasesQ. Down-regulation of Risa improves insulin sensitivity by enhancing autophagy. FASEB J. 30, 3133-3145 (2016). www.fasebj.org KEY WORDS: lncRNA • insulin resistance • glucose homeostasis • ob/ob mice ABBREVIATIONS: FBS, fetal bovine serum; HRP, horseradish peroxidase; LC3B, microtubule-associated protein light chain 3B; lncRNA, long noncoding RNA; MCB, multicast buffer; miR, microRNA; RACE, rapid amplification of cDNA ends; Risa, regulator of insulin sensitivity and
Diabetes is one of the most important public health challenges in the world, and 90% of patients have type 2 diabetes (1) . Insulin resistance is the driving force for the development of type 2 diabetes (2) . Ectopic lipid accumulation, activation of the unfolded protein response pathway and inflammation pathways have all been implicated in the pathogenesis of insulin resistance (3) . It has been reported that some microRNAs (miRs) are also involved in the development of insulin resistance. miR-103 and -107 regulate insulin sensitivity via their target caveolin-1, a critical regulator of insulin receptor (4) . miR-802 targets Hnf1b and regulates insulin sensitivity (5) . We have reported that miR-181a targets Sirt1 and regulates hepatic insulin sensitivity (6) . However, whether other noncoding RNAs are involved in the regulation of insulin sensitivity is still largely unknown.
Long noncoding (lnc)RNAs are defined as a class of transcripts that are longer than 200 nucleotides and without evident protein coding potential (7, 8) . According to their location relative to nearby protein-coding genes, lncRNAs can be classified as antisense lncRNAs, intronic lncRNAs, bidirectional lncRNAs, and intergenic lncRNAs (7) . LncRNAs can interact with RNA, protein, or DNA to exert their effects by controlling gene expression through modulating transcription or via posttranscriptional mechanisms targeting the splicing, stability, or translation of mRNAs (9) . It has been reported that lncRNAs are involved in cell differentiation and development (8) , carcinogenesis and metastasis (10) , cardiovascular diseases (11) , and Alzheimer's disease (12) . lncRNAs are also involved in the regulation of metabolism and energy homeostasis, and the development of metabolic diseases (13) . Numerous islet lncRNAs are dysregulated in patients with type 2 diabetes (14) . Knockdown of lncRNA TUG1 has been shown to induce apoptosis and to downregulate insulin secretion in b cells, both in vitro and in vivo (15) . A liver-enriched lncRNA, lncLSTR, regulates mouse systemic lipid homeostasis (16) . The Sra1 gene expresses both the lncRNA steroid receptor RNA activator (SRA) and the steroid receptor coactivator protein (SRAP) by alternative splicing (17, 18) . Knockdown of Sra1 by siRNA has been demonstrated to attenuate insulininduced glucose uptake and phosphorylation of Akt and FOXO1 in 3T3-L1 adipocytes (19) . However, Sra1-knockout mice, without the expression of both the lncRNA SRA and SRAP, are resistant to diet-induced obesity and show improved glucose tolerance and insulin sensitivity (20) . Thus, the effect of lncRNAs on insulin sensitivity is still largely unknown and merits further investigation.
Autophagy is a catabolic pathway involving the degradation of cellular components through the lysosomal machinery (21) . It has been shown to participate in physiologic responses to starvation, aging, and the environmental and hormonal cues for development and differentiation (22) . Autophagy is also involved in many pathologic processes, such as neurodegeneration, myopathy, liver disease, and diabetes (23) . It has been shown that exercise-induced autophagy improves glucose tolerance in mice fed a high-fat diet (24) . Adiponectin stimulates autophagy in mouse skeletal muscle and attenuates the insulin resistance caused by a high-fat diet (25) . Atg5 transgenic mice show activated autophagy, increased insulin sensitivity, and extended lifespan (26) . Autophagy is decreased in the liver of diabetic mice, and tail vein injection of adenovirus expressing Atg7 to enhance autophagy improves insulin sensitivity and glucose homeostasis (27) . It has been reported that lncRNAs are involved in the regulation of autophagy (28) . Overexpression of lncRNA FLJ11812 induces autophagy in HUVECs by binding with MIR4459, which targets Atg13 (29) . Knockdown of lncRNA 7SL has been shown to promote cell cycle arrest, senescence, and autophagy (10) . Down-regulation of lncRNA MEG3 activates autophagy and increases cell proliferation in bladder cancer (30) . Whether other lncRNAs are also involved in regulating autophagy needs further investigation. Moreover, it would be interesting to investigate whether lncRNAs regulate insulin sensitivity via autophagy.
In this study, we found a transcript very close to Sirt1, an important regulator of insulin sensitivity, autophagy, and metabolism (31) (32) (33) , in the mouse genome. This transcript was identified as an lncRNA and named regulator of insulin sensitivity and autophagy (Risa). It plays an important role in regulating insulin sensitivity and autophagy in vitro and in vivo.
MATERIALS AND METHODS

Total RNA isolation and reverse transcription
Total RNA was extracted with Trizol reagent (Thermo Fisher Scientific, Carlsbad, CA, USA) and treated with Turbo DNase (Thermo Fisher Scientific) to eliminate trace genomic DNA. Then, cDNA was synthesized by using SuperScript III (Thermo Fisher Scientific) with gene-specific primers or using M-MLV (Promega, Madison, WI, USA) with random hexamer primers. The primers used in reverse transcription are 59-TTGGGCGATTGACTGA-ACCT-39 for Risa, 59-AGCTCAGTAACAGTCCGCCTAGA-39 for b-actin, 59-GGCCTCACCCCATTTGATGT-39 for Gapdh, 59-CCTA-CAGACCAGTTAGCGCACATC-39 for Hmbs, 59-TACTGCAATA-CCAGGTCGATG-39 for U2 small nuclear RNA 10 (U2), 59-CGCTCAGACAGGCGTAGCCC-39 for Rs5-8s1, and 59-GCTT-TTCCTTAGGCCCAAAC-39 for the lncRNA Neat1.
39-and 59-Rapid amplification of cDNA ends
The 39-rapid amplification of cDNA ends (RACE) and 59-RACE were performed with the respective RACE Systems for Rapid Amplification of cDNA Ends (both from Thermo Fisher Scientific), according to the manufacturer's instructions. Total RNAs from mouse liver, muscle, brain, testis, white adipose tissue, and C2C12 myoblasts were pooled equally and treated with TURBO DNase. Primers used for 39-and 59-RACE were GAGGGAG-GAAGGAGGGTAAG (39-RACE Risa-specific primer 1) and TGGAGCCAAAAGACCCAAAC (39-RACE nested Risa-specific primer 2); AGATAGGGCGGGTCCTCAAT (59-RACE Risaspecific primer 1), TTGGGAGAGAGCGCAAACTT (59-RACE Risaspecific primer 2), AGACCACAGGGGTAACCTGA (59-RACE Risa-nested primer 1), and AGAGCTGTCACAGAGCAAGG (59-RACE-nested primer 2). The amplified DNA fragments were ligated into the pGEM-T Easy vector (Promega, Madison, WI, USA) for sequencing.
Plasmid construction
The full length of Risa was amplified with the primers 59-CTAGCTAGCCGGCTCCCCTCAGCGGCCTCT-39 and 59-GCTAGGGCCCGTCTTTGAGCCTACGTG-39 from the pGEM-T Easy vector containing Risa and cloned into pcDNA3.1(+) (Thermo Fisher Scientific) at the NheI and ApaI sites to obtain pcDNA3.1(+)-Risa.
In vitro translation
The RNA template for in vitro translation was produced by in vitro transcription with the AmpliScribe T7-Flash transcription kit (Epicentre, Madison, WI, USA), using linearized pcDNA3.1 (+)-Risa at the PmeI site. In vitro translation was performed with the rabbit reticulocyte lysate system (Promega), and the firefly luciferase RNA included in this system was used as the positive control. The products of in vitro translation were detected with the Transcend non-radioactive translation detection system (Promega) with tricine-SDS-PAGE.
Quantitative PCR
Quantitative PCR was performed with FastStart Universal Probe Master mix (Roche, Basel, Switzerland) for Risa and using Fast-59-TGTCCACCTTCCAGCAGATGT-39 and 39-AGCTCAGTAAC-AGTCCGCCTAGA-59 for b-actin. RNA quantification was normalized to b-actin.
Isolation of nuclear and cytoplasmic RNA
Preparation of nuclear and cytoplasmic fractions was performed, with modifications (34) . In brief, testis samples from C57BL/6 mice were homogenized 15-20 times in multicast buffer (MCB) [50 mM HEPES (pH 7.4), 100 mM KAc, 0.1% Triton X-100, 2 mM Mg(Ac) 2 , 10% glycerol, 1 mM DTT, and 20 U/ml recombinant RNase inhibitor (Takara, Dalian, Liaoning, China); 2 mM ribonucleoside vanadyl complex (New England BioLabs, Ipswich, MA, USA); and 13 complete mini EDTA-free protease inhibitor cocktail (Roche)] with a Dounce homogenizer. The lysate was centrifuged at 1300 g for 10 min at 4°C, and the supernatant was extracted with Trizol LS reagent (Thermo Fisher Scientific) to obtain cytoplasmic RNA. The pellet was homogenized again in MCB 15-20 times and centrifuged at 1300 g for 10 min at 4°C. The pellet was extracted with Trizol to obtain nuclear RNA.
Isolation of poly(A) + and poly(A) 2 RNA
Isolation of the poly(A) + and poly(A) 2 RNA were performed with the FastTrack Mag Micro mRNA Isolation Kit (Thermo Fisher Scientific), according to the manufacturer's instructions. The total RNA extracted from mouse testis was incubated with FastTrack Mag beads to isolate poly(A) + RNA, and the supernatant was incubated with FastTrack Mag beads again to remove the trace poly(A) + RNA. The poly(A) 2 RNA was precipitated from the supernatant with a 1:10 volume of 3 M sodium acetate (pH 5.2) and a 2.5 volume of ethanol.
Adenovirus preparation
The cDNA of Risa was amplified with (forward) 59-CTTCACG-CGTCGACCGGCTCCCCTCAGCGGCCTCT-39 and (reverse) 39-AAGGAAAAAACTTAAGGTCTTTGAGCCTACGTG-59 from pcDNA3.1(+)-Risa, and inserted into shuttle vector H215 (Obio Technology, Shanghai, China) at the SalI and AflII sites. The adenovirus expressing Risa (Ad-Risa) was packaged with the AdMax system (Obio Technology) according to the manufacturer's instructions. The oligos 59-CACCGGAAAGATCTGGC-GATTGACGAATCAATCGCCAGATCTTTCC-39 and 59-AAA-AGGAAAGATCTGGCGATTGATTCGTCAATCGCCAGATCT-TTCC-39 were synthesized, annealed, and ligated into pENTR/U6 Entry (Thermo Fisher Scientific) to obtain pENTR/U6-si-Risa. Similarly, 59-CACCGCCTAAGGTTAAGTCGCCCTCGCCGAA-GCGAGGGCGACTTAACCTTAGG-39 and 59-AAAACCTAA-GGTTAAGTCGCCCTCGCTTCGGCGAGGGCGACTTAACCT-TAGGC-39 were annealed and ligated into pENTR/U6 Entry to obtain pENTR/U6-si-NC as the negative control. pAd-si-Risa and pAd-si-NC were constructed by recombination of pAd/Block-iT-DEST (Thermo Fisher Scientific) and pENTR/U6-si-Risa or pENTR/U6-si-NC. Adenovirus expressing siRNA targeting Risa (Ad-si-Risa) and the negative control adenovirus (Ad-si-NC) were packaged with the BLOCK-iT Adenoviral RNAi Expression System (Thermo Fisher Scientific Life Sciences), according to the manufacturer's instructions, and purified by CsCl gradient centrifugation (35) . Titration of the adenovirus was performed as has been described (36) .
Cell culture and treatments
C2C12 myoblasts were cultured in DMEM with 10% FBS and differentiated in DMEM with 2% horse serum for 72-96 h, to obtain C2C12 myotubes. Subsequently, the C2C12 myotubes were cultured in DMEM with 10% FBS. Hepa 1-6 cells were cultured in DMEM with 10% FBS.
Primary hepatocytes were prepared from male C57BL/6 mice at the age of 8-10 wk (37) . The mice were anesthetized with a single injection of 50 mg/kg i.p. sodium pentobarbital. A intravenous catheter was inserted into the caudal vena cava, and then the portal vein was cut. Perfusion was performed initially with 20 ml Krebs Ringer buffer [5.0 mM HEPES, 115 mM NaCl, 4.8 mM KCl, 1.2 mM MgSO 4 , 1.2 mM KH 2 PO 4 , 25 mM NaHCO 3 , 20 mM glucose (pH 7.4)] with 0.1 mM EGTA at ;3 ml/min, followed by 50 ml Krebs Ringer buffer supplemented with 1.5 mM calcium chloride, 5.5 mM glucose, and 5000 U type I collagenase (Worthington, Lakewood, NJ, USA) at ;5 ml/min. Livers were removed and cut into several pieces, gently agitated in DMEM to release the cells, and then filtered through a 70 mm cell strainer (BD Biosciences, Franklin Lakes, NJ, USA) into a 50 ml centrifuge tube. The tube was centrifuged at 50 g for 2 min at 4°C, and the cell pellet was washed with 25 ml DMEM 3 times. The cell viability was evaluated by staining with 0.4% trypan blue, and only the cells with a viability of .85% were cultured in 12-well plate at a density of 2 3 10 5 cells per well in DMEM with 10% FBS for the experiments.
For adenovirus infection, hepatocytes were infected with adenovirus ( Fig. 2A -E and 3J) at 1000 viral particles (vp) per cell for 12 h, and then the hepatocytes were placed in fresh culture medium.
To inhibit the degradation of microtubule-associated protein light chain 3B (LC3B), we treated primary hepatocytes with inhibitors of autophagy, including 50 mM chloroquine (Genebase, Shanghai, China), 10 mM pepstatin A (Sigma-Aldrich), and 10 mM E64D (Sigma-Aldrich) for 6 h and harvested the cells for immunoblot analysis. Net LC3B flux was calculated as described elsewhere (38, 39) .
Glycogen synthesis
Glycogen synthesis was performed by a published method (32) . In brief, Hepa1-6 cells in 24 wells were infected with the indicated adenovirus for 80 h. The cells were incubated in DMEM for 16 h and were subsequently stimulated with 100 nM insulin in DMEM glucose and 1 mCi/ml [ 3 H]glucose for 3 h. The cells were harvested to measure glycogen synthesis by the incorporation of radioactive glucose in the glycogen.
Transfection and stable cell lines
C2C12 myoblasts were transfected with pcDNA3.1(+)-Risa or pcDNA3.1(+) using Lipofectamine 2000 (Thermo Fisher Scientific). The cell clones were screened with 0.8 mg/ml G418 (Phytotech, Overland Park, KS, USA) for 10-12 d, and subsequently, the stable C2C12 stable lines were maintained in DMEM with 10% FBS containing 0.4 mg/ml G418.
For transfection of siRNA, primary hepatocytes in 12-well plates were transfected with synthesized siRNA at the final concentrations of 100 nM for si-Risa and 20 nM for si-Atg7, si-Atg5, and si-Rictor, in 1 ml culture medium per well with X-tremeGENE siRNA Transfection Reagent (Roche Diagnostics, Indianapolis, IN, USA). RNA oligos were synthesized by Genepharma (Shanghai, China). The RNA oligos (forward and reverse, respectively) 59-GGAAAGAUCUGGCGAUUGATT-39 and 39-UCAAUCGCCAGAUCUUUCCTT-59were annealed as si-Risa-1; 59-GGUUGGUUCUCCACAAACUTT-39 and 39-AGUUUGUGGAGAACCAACCTT-59 were annealed as si-Risa-2; 59-GCAGAGUCACCAUUGUAGUTT-39 and 59-ACUACAAU-GGUGACUCUGCTT-39 were annealed as si-ATG7; 59-UUCUCC-GAACGUGUCACGUdTdT-39 and 39-ACGUGACACGUUCGG-AGAAdTdT-59 were annealed as si-NC. Predesigned siRNAs including si-Atg-5 (siRNA 1325012, 1325013, and 1325014) and si-Rictor (siRNA 1308829, 1308830, and 1308831) were purchased from Bioneer (Shanghai, China).
Animal experiments
All animals were maintained according to guidelines of the Institutional Animal Care and Use Committee of the Institute for Nutritional Sciences. The 7-wk-old male C57BL/6 and ob/ob mice were obtained from Model Animal Research Center of Nanjing University. The male C57BL/6 and ob/ob mice at the age of 9 wk were injected with the indicated adenovirus through the tail vein at a titer of 1 3 10 11 vp/mouse. Blood glucose, glucose tolerance test, and insulin tolerance test were performed, with modifications (32). After adenovirus injection for 6 d, blood glucose was measured after food was withheld from zeitgeber time (ZT)3 to ZT7. The C57BL/6 and ob/ob mice were left unfed from ZT15 to -7 the next day and injected with 2 and 0.5 g/kg glucose, respectively, for a glucose tolerance test after tail vein injection of adenovirus for 9 d. The C57BL/6 and ob/ob mice were left unfed from ZT3 to -7 and injected with 0.75 and 1.5 IU/kg insulin, respectively, for an insulin tolerance test after tail vein injection of adenovirus for the indicated times. The mice were not fed from ZT15 to -7 and then were injected with 5 IU/kg insulin after tail vein injection of the indicated virus for 14 d. The mice were killed 15 min later, and the liver samples were collected for quantitative PCR and Western blot analysis. To measure the effect of Risa on autophagy in liver, C57BL/6 mice were injected with 60 mg/kg chloroquine at ZT5 (40) . The mice were not fed for 6 h and were then euthanized, to collect liver samples for Western blot and quantitative PCR. The ob/ob mice injected with the indicated adenovirus for 14 d were unfed at ZT7 and killed 6 h later to collect liver samples for Western blot analysis and quantitative PCR.
Immunoblot analysis
Immunoblot analysis was performed with antibodies against phospho-insulin receptor b(Tyr1146), phospho-Akt (Ser473), phospho-Gsk3b (Ser9), phosphor-Ulk1(Ser 555 ), phosphor-Ulk1(Ser 757 ), insulin receptor, Akt, Gsk3b, Ulk1, Gapdh, LC3B, Atg5, Rictor (Cell Signaling Technology, Danvers, MA, USA), and b-actin (Sigma-Aldrich) and antibody against Atg7 (Abgent, Suzhou, Jiangsu, China). Horseradish peroxidase (HRP)-antimouse IgG and HRP-anti-rabbit IgG were from Jackson Immuno-Research (West Grove, PA, USA). Except as indicated in the corresponding figure legends, phosphorylated proteins were normalized to their corresponding total proteins, and other proteins were normalized to Gapdh or actin.
Statistical analysis
Data are expressed as means 6 SD of at least 3 independent experiments, unless otherwise indicated in the figure legends. Statistical significance was assessed by Student's t test or ANOVA with a Bonferroni post hoc test. Differences were statistically significant at P , 0.05.
RESULTS
Identification and characterization of Risa
Transcript AK044604 (Risa), at the 10qB4 region close to the locus of Sirt1, can be found in the University of California, Santa Cruz (UCSC; Santa Cruz, CA, USA) Genome Browser (http://genome.ucsc.edu/) ( Fig. 1A) . To confirm the expression of this transcript, both 59-RACE and 39-RACE were performed to obtain the full-length Risa cDNA with the indicated primers. We found that Risa is a single-exon transcript and has exactly the same sequence as shown in the UCSC genome. In addition, Risa is highly conserved in mice and rats, and the 59 end of Risa is also highly conserved in humans, chimpanzees, and horses.
To analyze the coding possibility, Risa was analyzed by the Translate tool at ExPASy (https://www.expasy.org/). As shown in Supplemental Fig. S1 , Risa is not a regular protein-coding protein, and each predicted protein-coding region is very short in all the 3 frames. These results implied that Risa is a potential lncRNA. To further analyze the coding possibility, we analyzed Risa by using the Coding-Potential Assessment Tool, and the result of this analysis also suggested that Risa is noncoding (Supplemental Table S1 ). Moreover, the coding possibility of Risa was analyzed by in vitro translation. The translation of firefly luciferase was observed, but there was no detectable band when Risa was used as the template (Fig. 1B ). All these data suggest that Risa is an lncRNA.
According to the location relative to the nearby proteincoding gene (7), Risa is a bidirectional lncRNA, because it is initiated in a divergent fashion from the promoter of Sirt1 (Supplemental Fig. S2 ). ChIP-Seq data of mouse liver and testis from ENCODE/LICR (UCSC Genome Browser) showed that H3K4m3 is enriched around the transcription start sites (TSSs) of Sirt1 and Risa (Supplemental Fig. S2 ), which is consistent with the association of H3K4m3 with the TSSs of many transcribed genes. Moreover, the enrichment of RNA polymerase II was detected around the TSSs of Sirt1 and Risa (Supplemental Fig. S2 ), suggesting that both Sirt1 and Risa are transcribed by RNA polymerase II.
The tissue distribution of Risa was analyzed by quantitative PCR. We found that it was expressed in various tissues, including heart, kidney, liver, lung, muscle, spleen, testis, thyroid, and white adipose tissue, and was highly expressed in testis (Fig. 1C ). Quantification of nuclear and cytoplasmic RNA indicated that Risa was mainly located in cytoplasm (Fig. 1D) .
The 39-end cDNA sequence of Risa was obtained by 39-RACE from reverse transcription with oligo-dT as the primer. To investigate whether Risa is mainly poly(A) + or poly(A) 2 , quantitative PCR was performed to detect the level of Risa in total RNA, poly(A)-depleted RNA, and poly(A) RNA. We found that Risa is mainly in poly(A) RNA as Gapdh and Hmbs, the positive control for poly(A) RNA (Fig. 1E ).
Risa regulates insulin sensitivity
In genome, Risa is very close to the locus of Sirt1, an important regulator of insulin sensitivity (31, 32) . To investigate whether Risa also regulates insulin sensitivity, adenovirus expressing Risa was packaged to infect primary mouse hepatocytes. The overexpression of Risa was confirmed by quantitative PCR ( Fig. 2A) . Overexpression significantly reduced insulin-induced phosphorylation level of insulin receptor, Akt, and Gsk3b (Fig. 2B, C) , which suggests that overexpression of Risa induces insulin resistance in primary mouse hepatocytes. Moreover, we found that overexpression of Risa markedly reduced the phosphorylation level of Akt and Gsk3b without insulin stimulation (Fig. 2D, E) . To further investigate the effect of Risa on insulin sensitivity, we screened 2 stable C2C12 myoblast cell lines with overexpression of Risa. After the stable C2C12 myoblast cell lines were differentiated into myotubes, the overexpression of Risa was confirmed by quantitative PCR (Fig. 2F ). Insulin-stimulated phosphorylation of Akt was markedly decreased in the myotubes with overexpression of Risa (Fig. 2G, H) , which suggests that overexpression of Risa also induces insulin resistance in C2C12 myotubes. Taken together, these results demonstrate that overexpression of Risa induces insulin resistance in both primary mouse hepatocytes and C2C12 myotubes.
To investigate the effect of a decrease in Risa on insulin sensitivity, primary mouse hepatocytes were transfected with siRNA to down-regulate Risa and were treated with glucosamine to induce insulin resistance. As shown in Fig. 3A , 2 different siRNAs targeting Risa markedly decrease the Risa level and significantly enhance insulin-induced phosphorylation of Akt and Gsk3b in the presence of glucosamine (Fig. 3C, D) . The glucosamine-induced insulin resistance was confirmed by markedly reduced insulin-induced phosphorylation of insulin receptor, Akt, and Gsk3b (Fig. 3B) . Similarly, palmitate-induced insulin resistance as detected by decreased insulin-induced phosphorylation of Akt (Fig.  3E) can be attenuated by knockdown of Risa (Fig. 3F, G) . Figure 4 . Overexpression of Risa inhibits autophagy. A) Risa was increased in mouse liver and muscle after food was withheld from ZT11 for 18 h (n = 5 for each group). B) Risa was not significantly changed in liver of mice fed a high-fat diet (HFD) for 3 mo compared with mice fed chow (n = 3-4 for each group). C ) Overexpression of Risa in primary mouse hepatocytes significantly down-regulated LC3B-II protein level and up-regulated the phosphorylation of p-Ulk1(Ser 757 ). After infection with the adenovirus expressing GFP (Ad-GFP) or Risa (Ad-Risa) for 54 h, the cells were incubated in DMEM for 18 h and harvested for Western blot analysis. D) The relative protein level in (C ) was quantified and normalized to actin for LC3B-II and to total Ulk1 for phosphorylated Ulk1. E ) The LC3B-II/LC3B-I ratio in (C ) was quantified. F ) Overexpression of Risa in primary mouse hepatocytes significantly down-regulated autophagy flux. After infection with the indicated adenovirus for 48 h, the cells were incubated with the inhibitors of autophagy (50 mM chloroquine, 10 mM pepstatin A, and 10 mM E64D) for 6 h and harvested for Western blot analysis. G) Quantification of the net LC3B flux showed an increase in LC3B-II protein level in the presence of inhibitors for autophagy (LC3B-II with inhibitors/LC3B-II without inhibitors). H ) Overexpression of Risa in C2C12 myotubes also inhibited autophagy. The C2C12 stable cell lines with overexpression of Risa (R1 and R2) and the control stable cell lines (C1 and C2) were differentiated by stimulation with 2% horse serum for 3-4 d and subsequently incubated in DMEM with 10% FBS for 24 h. The cells were incubated with DMEM for 6 h to induce autophagy for harvest for Western blot analysis. I ) The relative LC3B-II protein level in (H ) was quantified. J ) Quantification of the LC3B-II:LC3B-I ratio in (H ). **P , 0.01; ***P , 0.001.
These data suggest that knockdown of Risa can attenuate insulin resistance. In addition, knockdown of Risa also increased Akt and Gsk3b phosphorylation levels in primary mouse hepatocytes treated with glucosamine but without insulin stimulation (Fig. 3H, I) . Furthermore, knockdown of Risa increased glycogen synthesis in Hepa 1-6 hepatoma cells, with or without insulin stimulation (Fig. 3J ).
All these data demonstrate that Risa can regulate insulin sensitivity.
Risa regulates autophagy
Autophagy has been shown to be involved in the regulation of insulin sensitivity, and the defects of autophagy contribute to the development of insulin resistance (27, 41) . To investigate whether Risa also regulates autophagy, we first measured the correlation of Risa by withholding food, which usually induces autophagy. Risa in mouse liver and muscle was significantly up-regulated after mice were left unfed for 18 h (Fig. 4A) . However, mice fed a high-fat diet for 3 mo showed no significant effect on Risa level (Fig. 4B ). To directly investigate whether Risa regulates autophagy, we infected primary mouse hepatocytes with adenovirus expressing Risa, and LC3B and phosphorylation of Ulk1 were detected by Western blot analysis to monitor autophagy. Overexpression of Risa significantly down-regulated LC3B-II protein level and the LC3B-II/LC3B-I ratio and up-regulated the phosphorylation level of Ulk1(Ser 757 ), which contributes to the inhibition of autophagy (42, 43) (Fig. 4C-E ) . Moreover, in the presence of autophagy inhibitors, net LC3B flux was quantified to further confirm the effect of overexpression of Risa on autophagy. Overexpression of Risa down-regulated net LC3B flux, which suggests that autophagic flux was significantly down-regulated (Fig. 4F, G) . Moreover, C2C12 stable cell lines with overexpression of Risa were used to investigate its effect on autophagy. Overexpression markedly reduced the LC3B-II protein level and LC3BII/LC3B-I ratio in C2C12 myotubes, suggesting the down-regulation of autophagy ( Fig. 4H-J) . Taken together, these results demonstrate that overexpression of Risa decreases autophagy, which is in line with the induction of insulin resistance by overexpression.
To investigate the effect of decrease in Risa on autophagy, we transfected primary mouse hepatocytes with siRNA to down-regulate Risa. Knockdown of Risa increased the LC3B-II protein level, which suggests that knockdown enhances autophagy (Fig. 5A) . Moreover, knockdown of Risa significantly increased net LC3B flux, which suggests that autophagic flux is significantly upregulated by knockdown of Risa (Fig. 5A, B) . Furthermore, knockdown of Risa significantly increased the phosphorylation level of Ulk1(Ser 555 ) (Fig. 5C, D) , which contributes to the induction of autophagy (44, 45) . Similarly, knockdown of Risa in primary mouse hepatocytes treated with glucosamine to induce insulin resistance significantly increased the net LC3B flux, suggesting an increase in autophagy (Fig. 5E, F) .
All these data demonstrate that Risa regulates autophagy.
Knockdown of Risa attenuates insulin resistance via enhancing autophagy
To further investigate the role of autophagy in Risaregulated insulin sensitivity, Atg7 and -5, 2 key proteins in autophagy, were down-regulated by siRNA to block autophagy in primary mouse hepatocytes. Knockdown of Risa significantly up-regulated insulin-induced Akt and Gsk3b phosphorylation levels under the condition of insulin resistance induced by glucosamine, and this effect was inhibited by knockdown of Atg7 (Fig. 6A, B) . Similar to the effect of knockdown of Atg7, knockdown of Atg5 significantly inhibited the effect of knockdown of Risa on insulin resistance (Fig. 6C, D) . Together with the result showing that knockdown of Risa enhances autophagy, all these data demonstrate that knockdown of Risa attenuates insulin resistance via enhancement of autophagy.
It has been reported that autophagy is an activator of mTORC2 signaling (46) , and Akt is a substrate of mTORC2 (47) . To investigate whether mTORC2 activation as the downstream effect of autophagy is involved in Risa-regulated insulin sensitivity, a key component of mTORC2, Rictor, was knocked down by siRNA. Knockdown of Risa significantly increased insulin-induced Akt and Gsk3b phosphorylation levels in the presence of glucosamine, to induce insulin resistance, and this effect was inhibited by knockdown of Rictor (Fig. 6E, F) . This result demonstrates that mTORC2 signaling is essential for improvement of insulin sensitivity by knockdown of Risa and provides further evidence that knockdown of Risa attenuates insulin resistance via enhancement of autophagy.
Knockdown of Risa enhances insulin sensitivity and autophagy in vivo
To investigate whether knockdown of Risa also improves insulin sensitivity in vivo, adenovirus expressing siRNA targeting Risa was packaged for tail vein injection in C57BL/6 mice. After tail vein injection for 14 d, Risa was significantly down-regulated in mouse liver (Fig. 7A) . After tail vein injection for 12 d, no obvious body weight change was observed (Fig. 7B ). Knockdown of Risa by injection of the indicated adenovirus significantly down-regulated the unfed blood glucose level of C57BL/6 mice (Fig. 7C) . Knockdown of Risa also significantly up-regulated glucose tolerance (Fig. 7D, E) . Moreover, it markedly enhanced insulin sensitivity (Fig. 7F, G) . In addition, knockdown of Risa by tail vein injection of adenovirus significantly enhanced hepatic insulin sensitivity, as detected by insulininduced phosphorylation of insulin receptor, Akt, and Gsk3b (Fig. 7H, I) . Consistent with the in vitro data, knockdown of Risa by tail vein injection of adenovirus enhanced autophagy, as detected by the increased phosphorylation level of Ulk1(Ser 555 ) and up-regulated the Figure 6 . Knockdown of Risa improves insulin sensitivity via autophagy. A) Knockdown of Risa in primary mouse hepatocytes improved insulin sensitivity, which was blocked by knockdown of Atg7. After transfection with the indicated siRNAs for 78 h, the hepatocytes were treated with 18 mM glucosamine in DMEM to induce insulin resistance for 18 h. After stimulation with 100 nM insulin for 15 min, the cells were harvested for Western blot analysis. B) The relative p-Akt and p-Gsk3b level in the presence of insulin in (A) was quantified. C) Knockdown of Risa in primary mouse hepatocytes improved insulin sensitivity, which was blocked by knockdown of Atg5. After transfection with the indicated siRNAs for 78 h, the hepatocytes were treated with 18 mM glucosamine in DMEM to induce insulin resistance for 18 h. After stimulation with 100 nM insulin for 15 min, the cells were harvested for Western blot analysis. D) The relative p-Akt level in the presence of insulin in (C ) was quantified. E) Knockdown of Risa in primary mouse hepatocytes improved insulin sensitivity, which was blocked by knockdown of Rictor. After transfection with the indicated siRNAs for 78 h, the hepatocytes were treated with 18 mM glucosamine in DMEM to induce insulin resistance for 18 h. After stimulation with 100 nM insulin for 15 min, the cells were harvested for Western blot analysis. F ) Relative p-Akt and p-Gsk3b level in the presence of insulin in (E ). Quantification was performed and normalized to Gapdh. GLN, glucosamine. In all transfections, si-NC was used to balance the total amount of siRNA. *P , 0.05; **P , 0.01 vs. si-NC. # P , 0.05; ## P , 0.01; ### P , 0.001 vs. si-Risa-1.
LC3B-II level (Fig. 7J, K) . These data show that knockdown of Risa enhances insulin sensitivity and autophagy in vivo.
Knockdown of Risa improves insulin sensitivity and enhances autophagy in ob/ob mice
To investigate whether knockdown of Risa improves insulin sensitivity in vivo in insulin-resistant mice, adenovirus that expresses siRNA targeting Risa was used for tail vein injection in ob/ob mice. Risa was significantly downregulated in mouse liver after tail vein injection for 14 d (Fig. 8A) . After tail vein injection for 12 d, no obvious body weight change was observed (Fig. 8B ). Knockdown of Risa by injection of the indicated adenovirus significantly down-regulated the blood glucose level of unfed ob/ob mice (Fig. 8C) . Knockdown of Risa also significantly improved glucose (Fig. 8D, E) and insulin (Fig. 8F, G) tolerance. In addition, knockdown of Risa by tail vein injection of adenovirus significantly improved hepatic insulin sensitivity ( Fig. 8H, I) . Similarly, knockdown of Risa by tail vein injection of adenovirus in ob/ob mice enhanced autophagy as detected by the increased phosphorylation level of Ulk1(Ser 555 ) and up-regulated the LC3B-II level (Fig.  8J, K) . These data show that knockdown of Risa improves insulin sensitivity and enhances autophagy in ob/ob mice.
DISCUSSION
In this study, we identified the lncRNA Risa as an important regulator of insulin sensitivity. It has been reported that knockdown of Sra1, expressing both the lncRNA SRA and the protein SRAP by alternative splicing, attenuates insulin-stimulated glucose uptake and signaling in adipocytes (19) . Our findings showed that an lncRNA can regulate insulin sensitivity in hepatocytes or myotubes. It has been reported that Sra1-knockout mice with deletion of both SRA and SRAP show improved glucose tolerance and insulin sensitivity (20) . However, whether SRA or an lncRNA regulates insulin sensitivity in vivo is still unclear. Results in our study demonstrated that knockdown of Risa improves insulin sensitivity and glucose homeostasis in ob/ob mice, showing the evidence that an lncRNA can regulate insulin sensitivity in vivo. To further confirm the effect of Risa on insulin sensitivity in vivo, animal models with knockout or appropriate mutation of Risa should be explored.
Risa is highly conserved in mice and rats, and the 59 end of Risa is highly conserved in mice, rats, humans, chimpanzees, and horses (Fig. 1A) . It has been reported consistently that lncRNAs are less conserved than proteincoding genes (48, 49) . However, evolutionary conservation may be distinct between coding and noncoding genes (50) , such as the conservation of the lncRNA secondary structure (51) . Meanwhile, lncRNAs from different species with conserved genomic locations may have conserved functions despite their less conserved sequences (52) . Thus, Risa with partial conserved sequences in the indicated species may also have conserved biologic functions, such as regulating insulin sensitivity and glucose homeostasis. It has been reported that SNP r3740051 in the human Sirt1 promoter or the predicted human Risa is associated with energy expenditure when food is withheld (53) , supporting the potential effect of the predicted human Risa on insulin sensitivity and glucose homeostasis. lncRNAs, including FLJ11812, 7SL, and MEG3, have been reported to regulate autophagy (28) . In our study, findings showed that lncRNA Risa is also involved in the regulation of autophagy. lncRNA FLJ11812 induced autophagy in HUVECs by binding with MIR4459 targeting Atg13 (29) . Similar to 7SL and MEG3 (10, 30) , the underlying mechanisms of Risa regulation of autophagy are still unclear. In this study, we showed that Atg7 and -5 are necessary to attenuate insulin resistance by knockdown of Risa (Fig. 6A-D) , suggesting that knockdown of Risa improves insulin sensitivity by enhancing autophagy. It has been reported that induction of autophagy is beneficial for some overnutrition-related metabolic disorders, such as hyperglycemia and insulin resistance (54) . Restoring autophagy by reconstitution of Ad-Atg7 improves insulin sensitivity and glucose homeostasis in obese mice (27) , and Atg5 transgenic mice show enhanced autophagy and increased insulin sensitivity (26) . We also showed that Atg7 and -5 are involved in regulating insulin sensitivity by Risa. Studies to identify the interacting protein or RNA with Risa are needed to reveal the underlying mechanisms for Risa regulation of autophagy and insulin sensitivity.
In summary, we identified and characterized an lncRNA, termed Risa, that regulates insulin sensitivity via modulating autophagy, and showed a potential approach to improving insulin sensitivity by knockdown of Risa. 
R L P S A A S G A S R P P D P F A R S L A R S L A R P G S P R W F K F A Met A P P L P T W A S R V H L A C L R L F A S S R L L P Q G L W R A Q P G R R R P S Stop G E L L H L P C P C S V T A L P Q V T P V V S P Q E V C A L S Q S P F S S A Met E C P S Q P S G P V A L L E R S G D Stop G P A L S A L W T H Q V L C T S L Stop
S H T W Q H T P F T T G L R S L A Stop W D R P L L P A L E A D A G K S R H P G V H Met K F R Q A R A T Stop A Q R
Coding frame 3 for Risa
A P L S G L W R L P P A R P V R S L A R S L A C S S G I A A V V Q V C D G A A T S H L G L T R A P C L P A P L R L K S A F T S G A L E S P T W P T P A F L R R T P P P
